Combining genetic insights into the pathogenesis of Parkinson's disease (PD) with f ndings from animal and cellular models of this disorder has advanced our understanding of the pathways that lead to the characteristic degeneration of dopaminergic neurons in the brain's nigrostriatal pathway. This has fueled an increase in candidate compounds designed to modulate these pathways and to alter the processes underlying neuronal death in this disorder. Using mitochondrial quality control and the macroautophagy/ lysosomal pathways as examples, we discuss the pipeline from a comprehensive genetic architecture for PD through to clinical trials for drugs targeting pathways linked to neurodegeneration in PD. We also identify opportunities and pitfalls on the road to a clinically ef ective disease-modifying treatment for this disease.
INTRODUCTION
Parkinson's disease (PD) is a neurodegenerative movement disorder, primarily of old age, characterized by the progressive loss of dopaminergic neurons in the substantia nigra pars compacta of the brain and by the accumulation of intracellular proteinaceous inclusions called Lewy bodies (1) . T e loss of dopaminergic innervation results in a range of clinical features including tremor, bradykinesia and rigidity. T e coming decades will see increasing numbers of people developing PD as the global population ages, representing a huge challenge for health care systems. At present, it is estimated that the cost of caring for patients with PD is in excess of $14 billion per year in the United States alone (2) . T us, there is an urgent need for therapeutic agents to combat this disease. Current drug strategies for PD focus on compensating for the lowered dopamine concentrations in the brain. T is can be achieved by increasing the supply of dopamine precursors in the form of L-DOPA, which potentiates dopamine signaling at synapses. Alternatively, degradation of dopamine or its reuptake can be blocked, or dopamine receptors can be directly activated with agonists (3) . T ese approaches, while successful in dealing with some of the key symptoms of PD, do not alter the degenerative process underlying the disease and are associated with signif cant side ef ects, especially at higher doses. Crucially, strategies targeting the dopamine pathway have no impact on the duration of disease from onset until death.
To address the lack of disease-modifying therapies, the gap between understanding the neurochemical basis of the PD motor syndrome (a lack of dopamine) and understanding the pathological events resulting in this def cit needs to be bridged. By gaining insight into these pathological cascades, new interventions can be developed to compensate for, or even prevent, these events. Over the past thirty years, much progress has been made in this area of research, f rst through the discovery of environmental insults that directly lead to dopaminergic cell death, most notably the neurotoxin MPTP, the pesticide rotenone and the herbicide paraquat (4) , and more recently through the identif cation of genetic variants that either cause PD or greatly enhance the risk of developing the disorder (5) . In this Perspective, we explain how genetic discoveries in the f eld of PD have contributed to our understanding of the pathogenesis of this disorder and discuss the quest for new disease-modifying therapies.
THE GENETIC ARCHITECTURE OF PD
T e f rst Mendelian gene for PD was identif ed in 1997, with the discovery of a point mutation in SNCA linked to an autosomal dominant form of the disease (6). Since then, over a dozen Mendelian loci have been implicated in familial PD, parkinsonism, and syndromes where parkinsonism is a prominent presenting symptom (Table 1 genomic technology have facilitated the identif cation of risk loci for PD through genomewide association studies (GWAS) (7) . T ese studies have provided geneticists with an extensive list of loci that contribute to genetic risk for idiopathic (that is, non-Mendelian, genetically complex) PD. Whereas the majority of these loci are associated with very small increases in risk, the identif cation of genes within risk loci has the potential to uncover new druggable pathways that lead to the death of dopaminergic neurons in PD. By combining data from classical linkage studies, exome analysis and GWAS, it has now become possible to construct an overarching genetic architecture for PD. T is architecture ranges from low-frequency high-risk variants in genes such as SNCA and LRRK2, through more frequent variants in genes such as GBA and LRRK2 that confer a greatly increased risk of disease but are not directly causative, to high-frequency low-risk variants in genes such as SNCA, MAPT, LRRK2 and at the HLA locus (Fig. 1) . What is surprising about this architecture is that there are loci that span the spectrum of risk allele frequency and severity. For example, some point mutations in LRRK2 are causative for PD, whereas coding polymorphisms in the gene are strong risk factors and additional higher frequency variants at the LRRK2 locus contribute to a small increase in risk of developing PD (8) . T e s e d a t a s u p p o r t a model in which there is a continuum in risk at certain loci, and importantly suggests that understanding the pathogenesis of at least some of the major Mendelian loci for PD has implications for the more common, idiopathic forms of the disease. Notably, emerging evidence suggests that LRRK2 interacts with the protein products of at least two GWAS hits, RAB7L1 and GAK (9), again linking PD-related genes and both monogenic and complex forms of PD into a cohesive network. T e key challenge for the PD research community is to f nd the still missing links in these functional networks and to understand exactly how these genetic variants result in the preferential degeneration of dopaminergic neurons in the substantia nigra pars compacta. To achieve this, the cellular impact of these variants needs to be clarif ed.
CELLULAR PATHWAYS AND PROTEIN DYSFUNCTION IN PD
Discovery of the A53T mutation in the SNCA gene seventeen years ago led to the realization that aggregates of the protein α-synuclein (encoded by SNCA) are a key component of Lewy bodies, the pathological hallmark of PD. Since then, a huge research ef ort has been directed toward unpicking the mechanisms that connect this mutation, and subsequent mutations discovered in SNCA and other genes, to the death of dopaminergic neurons (10) . T ese ef orts have taken advantage of cell and animal models, ranging from simple organisms such as yeast through to rodent models and human neurons derived from induced pluripotent stem cells or embryonic stem cells (11) . T ere are a number of recurring themes that have been identif ed across these models and with the various loci linked to PD (12) . Two examples of such themes-mitochondrial quality control and the macroautophagy/lysosomal pathway-will be examined in detail as case studies of a molecular genetics approach to developing new PD drugs (Fig. 2) . Mitochondrial quality control, and in particular the cellular process of mitophagy (the selective targeting and recycling of damaged mitochondria) has been strongly linked to a number of recessive juvenile onset forms of parkinsonism ( Fig. 2A) . PARK2, PINK1, and FBXO7 (recessive loci with loss of function causing young onset parkinsonism) clearly cooperate in the regulation of mitophagy, with mutations in these genes acting to disrupt this process. A number of notable advances have been made in this area over the past year with the uncovering of ubiquitin phosphorylation as a key step in the pathway linking Parkin and Pink1 (13) (14) (15) (16) , as well as the identif cation of several genes that provide opposing or compensatory actions to Parkin (17, 18) . How this process and these proteins relate to the idiopathic form of PD is unclear. Notably, the neuropathological data that does exist is equivocal as to whether mutations in Parkin, Pink1, and FBXO7 are associated with α-synuclein pathology, with some cases reported to have Lewy bodies and some not (19) . Although interpreting the pathological events resulting from mutation of these genes is dif cult, these f ndings demonstrate that detectable α-synuclein aggregates are not a sine qua non for selective dopaminergic cell death and parkinsonism. It is also notable that the loci containing these genes have not been found in GWAS for sporadic PD, contrary to some of the genes linked to dominant mutations.
In parallel to the identif cation of recessive mutations in genes implicated in mitophagy, a number of autosomal dominant mutations have been identif ed in genes that are causative or strongly linked to PD, where the majority of cases have evidence of Lewy body pathology. T ese genes have been implicated in vesicle traf cking pathways that terminate in lysosomal degradation ( Fig. 2B) (20) . α-Synuclein itself (both wildtype and mutant forms) has been linked to inhibition of macroautophagy and chaperone-mediated autophagy, two pathways that culminate in lysosomal degradation of proteins and organelles (21, 22) , although in both cases the precise mechanism of the interaction is unclear. More recently, LRRK2 has been implicated in the initiation of macroautophagy and has been reported to be degraded by chaperone-mediated autophagy (23) (24) (25) . Intriguingly, VPS35 and GBA also appear to f t into this schema (Figs. 1, 2B). VPS35 is involved in endosomal traff cking, and has recently been linked to alterations in the trans-Golgi network that may have consequences for lysosomal biology (26) . T e D620N mutation in VPS35 has also been reported to have a negative impact on the initiation of autophagy (27) . GBA is a lysosomal hydrolase, homozygous mutations in which cause the lysosomal storage disorder Gaucher's disease. T e same mutations in the heterozygous state increase the risk of developing PD by about f vefold. (28) . A number of studies using a variety of pathological samples and model systems suggest that GBA and α-synuclein form a bidirectional loop, with dysfunction of either of these proteins impacting the other and initiating a vicious circle resulting in decreased lysosomal function and increased α-synuclein aggregation (29) (30) (31) (32) . ATP13a2, recessive mutations in which cause a juvenile onset parkinsonian syndrome, is a lysosomal ATPase that has been suggested to have a close pathological relationship with α-synuclein (33) (34) (35) . Intriguingly, two of the genes identif ed in GWAS for PD, GAK and RAB7L1, also appear to be linked to endosomal sorting and could conceivably f t into a pathway containing LRRK2 and VPS35, although the details of this pathway are only just starting to be elucidated (26, 36) .
All of the genes discussed above in the context of mitophagy and the macroautophagy/lysosomal pathway have also been linked to a large number of other cellular pathways and molecular events. Parkin, for example, has been linked to a number of important roles in the cytosol (37, 38) including alternative pathways that could be targeted in a disease setting. LRRK2 has been implicated in a wide range of cellular pathways [see (8) for a more detailed review, and (42) for LRRK2's potential role in inf ammation]. T ere is an extensive literature on the biochemical properties of α-synuclein and how these properties are impacted by mutations and, most intriguingly, how this protein can spread in a prionlike manner from cell-to-cell (8, 11, 40) . Each of these pathways/phenomena represent further case studies emphasizing the value of taking a genetics-based pathways approach to PD.
Finally, there are some genes implicated in PD where the link to pathogenesis is less clear, many of which have been identif ed by GWAS. Standout examples include MAPT, which encodes the microtubule-associated protein tau, and HLA-DRB5, a major histocompatibility locus (7) . Tau, of course, has been strongly associated with neurodegeneration as the major constituent of neurofbrillary tangles in Alzheimer's disease and a subset of the frontotemporal dementias (41) . Tangle pathology, with a few rare exceptions, is not pathognomonic for PD and so how genetic variation at the MAPT locus is associated with risk for PD remains a mystery (39) . T e association of the HLA locus, however, contributes to a growing body of evidence supporting a role for the immune system in the etiology of PD. T is has led to an increasing volume of research aimed at def ning precisely how immune function may contribute to PD (42) .
T e strength of adopting a pathways approach is that it has the potential to allow identif ed genetic risk loci to become more than the sum of their individual values as drug targets. T is can occur through the identif cation of key steps in these pathways that are not necessarily mutated in familial forms of a disease. An excellent example of By identifying the proteolytic production of β-amyloid peptide from APP as the key event in Alzheimer's disease, researchers were able to identify proteins critical to this process beyond those directly linked to disease by mutations (APP, PSEN1, and PSEN2). In this way, β-secretase (BACE) and α-secretase (ADAM-10) were revealed as potential therapeutic targets (43) (44) (45) . T e example of the APP pathway, however, also acts as a cautionary tale, highlighting the major challenges presented by the task of developing drugs for treating neurodegenerative diseases. Compounds targeting γ-secretase (in which presenilin 1 and 2 form key components) have been taken to phase III clinical trials with disappointing results (46) .
HURDLES IN PD DRUG DEVELOPMENT
T e drug development pipeline for PD has been, and remains, largely focused on symptomatic treatment. Progress in this area has been steady over the past 10 years (47, 48) . T e number of phase I interventional trialsdef ned for the purposes of this Perspective as drug, biologic, or genetic therapy aimed at modifying symptoms or disease courseshows a trend toward increasing year over year (Fig. 3A) . T e number of phase II and phase III clinical studies has f uctuated from year-to-year but remains essentially stable (Fig. 3A) . A better gauge of the health of the PD drug pipeline, however, comes from examining the number of new molecular entities entering the pipeline annually (Fig.  3B ). Over the last decade, there has been an average of 4.7 new molecular entities entering phase I and phase III clinical trials each year, and 9.6 new molecular entities entering phase II clinical trials annually (Fig. 3C ). However, it should be noted that these data do not discriminate between drugs designed to modify symptoms and those that aim to modify disease trajectory. Feeding into the drug development pipeline, genetic advances have already helped to identify new candidate drug targets and pathways, although these have yet to be successfully translated into disease-modifying therapies. Several of the genetic loci directly implicated in PD are currently the subject of drug development ef orts. For example, inhibitors have been developed that target LRRK2 kinase activity, antibodies have been raised against α-synuclein with the goal of using passive immunotherapy as a treatment, and compounds have been developed that modulate GBA activity (49) (50) (51) . T e majority of these therapies are in preclinical development. Notable exceptions include an antibody-based drug developed by AFFiRiS targeting α-synuclein that has undergone a phase I trial (52), a similar antibody-based approach targeting α-synuclein (designated BIIB037) by Biogen, currently undergoing a phase I trial, and an α-synuclein aggregation inhibitor (NPT200-11) under development by Neuropore and UCB pharmaceuticals. Importantly, the rationale underpinning these approaches is a modif cation of disease course.
Part of the challenge in developing a disease-modifying therapeutic lies in our incomplete understanding of the relationship of genetic targets, like LRRK2 and α-synuclein, to the pathways that drive neuronal death. T is incomplete understanding of the mechanism of action means that we have yet to develop cellular or animal models that appropriately mimic the human disease process. Although it is not plausible to completely derisk any therapeutic candidate early in the drug development process, the current models have poor predictive power to determine if a drug candidate is likely to modify PD progression. T is gap in understanding shif s considerable risk from the earlier (cheaper, faster) stages of drug development to later stage phase II and III clinical trials (expensive, slow), where evidence of a disease-modifying ef ect would be observed. T e shif of the majority of risk to the most expensive and time-consuming part of drug development is unfortunately a common barrier to drug development for neurodegenerative diseases in general, ref ecting the current, incomplete state of our understanding of the mechanisms leading to neuronal death and the dearth of physiologically relevant animal models.
CLINICAL TRIALS IN PD
It is, therefore, crucial that PD clinical trial design be as ef cient and robust as possible to ensure the ef ective identif cation of any While recognizing that no universal study design could be recommended, the EMA proposed that clinical trials should be randomized, placebo-controlled, and long-term. Clearly, in established PD cases, the primary goal is to slow further decline in motor function and progression of disability, and to prevent motor and nonmotor complications. Below we consider two possible trial designs to determine a disease-modifying ef ect.
Change in rate of functional decline according to the UPDRS. T e U n i f e d P a rkinson's Disease Rating Scale (UPDRS) is the "gold standard" among clinical end points, with broad recognition and acceptance by US and European regulatory agencies as a registration end point. Successful symptomatic therapeutic interventions that modulate the dopamine pathway have had a profound and rapid ef ect on this metric leading to smaller clinical trials of shorter duration (53) . However, due to the slow rate of PD progression, observing a disease-modifying change in the rate of decline in the UPDRS requires longer duration trials of 2 to 5 years and a consensus regarding what is meant by a clinically meaningful change in the UPDRS (54) . Another drawback of the UPDRS is that, by its very nature, it is a discrete rather than a linear measure of decline. T is reduces its utility in the context of trying to uncover a disease-modifying impact during a clinical trial. It would also be advantageous for disease-modifying trials to rule out any purely symptomatic benef t by observing the trajectory of disease af er washout of the drug (Fig. 4A) . Controlling for population heterogeneity during the enrollment and duration of such trials is critical, given the variable rates of decline, disease stages, and the likelihood that some or all of the subjects will receive symptomatic treatment. T e potential benef ts of using carefully designed functional decline as an outcome measure are illustrated by the recent Eli Lilly trial of solanezumab in Alzheimer's disease, which, despite the modest impact of the drug treatment, provides a proof-of-principle for trials of this type (55) .
Time to initiation of symptomatic therapy. Because of drug complications, symptomatic treatment usually in the form of L-DOPA is of en delayed until the severity of motor symptoms results in functional impairment. Unlike the ambiguity in what magnitude change in UPDRS is clinically meaningful, the initiation of symptomatic treatment is considered an early indicator of disease progression and a "real-life" end point (Fig. 4B) . T e time between baseline assessment and the end point (need for dopamine replacement therapy) can also be conceptualized as "survival" and is amenable to KaplanMeier statistical analysis (56) . A confound of this end point is that when symptomatic therapy should be initiated is largely based on a physician's subjective assessment of the patient's status, and may be subject to considerable variation between clinicians.
Patient stratif cation and clinical trials.
A critical challenge for the successful appraisal and validation of potential therapeutic compounds for PD is the assessment of such compounds in an appropriate clinical population. T e eventual goal of any drug development program directed at PD is the isolation of a compound or compounds that are eff cacious for the majority of people with the disease. T e pipeline from the identif cation of putative drug targets using human genetics, however, presents us with an intermediate step.
A compound developed to target a specif c protein that is genetically associated with PD could be tested in human populations at increased risk of PD who possess variants in this target gene. T is is exemplif ed by recent developments in the Alzheimer's disease f eld where major ef orts are afoot to test drugs targeting the product of aberrant processing of APP in patient cohorts carrying mutations in PSEN1, the gene encoding presenilin, which is a key component of the proteolytic complex responsible for APP processing (57) . T is stratif ed approach provides the greatest chance of success for a candidate compound prior to the more challenging terrain of a full phase III clinical trial, while also presenting opportunities for longitudinal assessment of disease progression and preclinical states (58) . As our understanding of the genetics of PD has progressed, several such patient populations have emerged. Most notable among these are carriers of mutations in LRRK2 and in GBA. T e relatively high frequency of these mutations in human populations means that there are large numbers of individuals either currently with PD or at a greatly increased risk of developing the disorder. For drugs specifcally designed to target either LRRK2 or GBA, these individuals are an ideal test of whether these compounds elicit a clinically meaningful change to disease progression. Although these compounds are not yet in clinical trials, ef orts are already under way to assemble well-characterized cohorts of individuals carrying mutations in these genes. Examples include a cohort of North Africans carrying the G2019S mutation in LRRK2 (PD patients from the Barbary coast-Morocco, Tunisia, and Algeria-have an almost 40% chance of carrying this mutation) and Ashkenazi Jewish cohorts with either the G2019S mutation or risk variants at the GBA locus. A confounding factor for patient cohorts with mutations or risk variants at LRRK2 or GBA loci is that these are not directly deterministic for PD. In the case of LRRK2 G2019S mutation carriers, penetrance is estimated to be ~80% at age 80 in some populations (59) , with an odds ratios of up to 48.6 (in North African populations, 95% CI, 11.2-211.0) (60) . For GBA mutations, the odds ratio has been estimated to be 5.43 (95% CI, 3.89 to 7.57) in a multicenter study (61) . A recent Kaplan-Meier analysis estimated the penetrance for GBA heterozygous cases in a series from New York to be ~10% at age 85 (62) . In this context, there would be value in developing a global cohort of individuals carrying mutations in SNCA. Although challenging due to the rarity of these mutations, the high penetrance and direct link between α-synuclein dysfunction and disease in these cases would provide a powerful means for testing therapies explicitly targeting α-synuclein. It should be emphasized, however, that GBA and LRRK2 mutation carriers, by virtue of their frequency in human populations worldwide, provide the most ef ective cohort for testing early interventions in PD. While progress is being made in early diagnosis of idiopathic PD (63), currently there are signif cant challenges in identifying patients ahead of motor symptom onset. Progress in this arena awaits advances in biomarker identif cation, which is a big focus of PD research worldwide (64) . An excellent example of this is the Parkinson's Progression Marker Initiative (PPMI)-a consortium of academic groups, PD charities, government bodies and pharmaceutical f rms-which is following a cohort of PD patients longitudinally and recording changes in key molecules such as α-synuclein that are putative biomarkers (65) . T e power of this approach, especially when combined with careful genetic characterization, is demonstrated by a recent study combining biomarker and genetic information to model PD diagnosis (66) .
CONCLUSIONS AND FUTURE PERSPECTIVES
T ese are exciting times for researchers working to develop disease-modifying therapies for PD. Genetic advances and cellular pathway discoveries are beginning to provide a list of putative drug targets. In addition to the pathways described above, there is increasing insight into cell-to-cell transmission of protein aggregates as a mechanism enabling pathology to spread through the central nervous system. T ere is also a growing awareness of immune function as a central player in the etiology of PD and of a potential role for transcriptional/translational control in initiating disease (67) . As our understanding of the biology of PD advances, the ability to rationally target the root causes of the changes in brain function that result in this disease will improve. It is important, however, not to underestimate the challenges that we face in developing drugs for PD. A major, and long appreciated, hurdle is that for drugs to specif cally engage targets within the brain, they f rst must cross the blood-brain barrier. It is also clear from drug development ef orts targeting other chronic neurodegenerative disorders that early intervention will be crucial for success. T us, improving early diagnosis-and indeed moving to a diagnosis prior to the emergence of movement impairment-will be key to developing effective new treatments for PD. A further challenge, and one highlighted by a recent study examining LRRK2 inhibitors in nonhuman primates (68) , is that there may be serious biological consequences to long-term inhibition or manipulation of genetically-derived PD drug targets. T is may emerge as a major obstacle given the likelihood that any disease-modifying drug for PD will need to be taken on a continual, life-long basis. Given these challenges, it is critical that the barriers that may exist between the dif erent stages of drug development and between academia and industry are eliminatedthrough joint funding programs, new consortia (perhaps using the template of the PPMI) and increased exchange of investigators and knowledge between basic research, clinical medicine and translational research/industry. T is much is owed to the patients living with PD, and to the many others destined to develop the disease.
